Selective Catalytic Reduction (SCR) with NH 3 or urea is one of the most effective methods for removal of NOx in exhaust from HD diesel engines with potential for achieving more than 90% NOx-reduction measured in the European transient or a US HD FTP test cycle. The present paper describes the following two systems;
INTRODUCTION
Exhaust after-treatment on diesel vehicles will be introduced and become mandatory in the coming years.
In the European Union legislators have decided on very stringent emission standards regarding both diesel particulate and NOx emissions for heavy-duty diesel vehicles. The new standards, Euro IV and Euro V, will be introduced year 2005, respectively 2008. A new type of emission standard called EEV, Enhanced Environmentally friendly Vehicles, will also be introduced in the EU, aiming to promote new technologies able to meet more stringent future emission standards prior to their introduction. The driving force will be a tax reduction for such vehicles if the Euro V emissions standards are fulfilled before year 2008.
The Euro IV standard can probably be met by using exhaust gas re-circulation and particulate traps. The Euro V and EEV standards will require use of particulate trap and Urea-SCR system. Alternatively the Euro V emission standard may be met by a fuel optimized engine with high NOx emissions in combination with a Urea-SCR system and without PM-trap [1] .
EPA and California ARB are proposing emission standards for year 2007, which, as in Europe, will necessitate exhaust after-treatment like Urea-SCR catalysts and particulate filters in diesel vehicles.
SCR with urea or ammonia is one promising method for reduction of NOx onboard diesel vehicles. The use of SCR was already investigated during the 1980´ties and in the beginning of the 1990´ties. Held et al [2] suggested the use of urea to replace the more harmful ammonia. Walker et al [3] proposed a technology for injection control using look up tables and Andersson et al [4] proposed a more mathematical approach using kinetic calculations for control of the reducing agent. The mathematical approach by Andersson et al was also proved in transient tests on HD diesel engines in US HD FTP test cycle. Work by Havenith et al [5] confirmed the potential for the method onboard diesel vehicles and lately the durability of a Urea-SCR system has been shown by Fritz et al [6] .
GOAL FOR UREA SCR OEM SILENCER -The goal for the OEM silencer project was to demonstrate what could be achieved in a Urea-SCR silencer regarding NOx reduction, pressure drop, sound attenuation and space on Heavy-duty diesel vehicles.
The engine system used for this work was a 12-liter, 320 kW HD diesel engine.
GOAL FOR UREA SCR RETROFIT SYSTEM -The retrofit Urea-SCR system was developed to meet the demand for lowered NOx emissions from the existing fleet of diesel vehicles. The goal of the development has been to make a Urea-SCR system, which should work with all types of vehicles, without making any emission measurements or mapping of the specific engine or vehicle.
UREA-SCR RETROFIT SYSTEM DESCRIPTION -For the reasons described above, the Urea-SCR retrofit system is based on three different types of sensors enabling an electronic control unit, ECU, to calculate the possible NOx conversion of a given engine operation. The sensors enabling the calculations are an engine inlet air massflow sensor, NOx-sensor upstream the catalyst and temperature sensors upstream and downstream the catalyst. The NOx sensor also measures the air fuel ratio making it possible to calculate the fuel flow [7] , which is used to calculate the exhaust massflow. All calculations are carried out in real time. The Retrofit Urea-SCR system is schematically described in Figure 1 below. Figure 1 . Urea-SCR retrofit system SILENCER DESIGN FOR RETROFIT SYSTEM -The SCR catalyst as well as the up-front flow distributing and mixing radial diffuser are contained within a compact unit which has been designed to provide a maximum of noise attenuation, combined with low overall flow resistance. Special attention was hereby devoted to attenuation at lower sound frequencies. While the catalyst itself to some extent serves to attenuate medium and higher frequencies, it contributes rather little to attenuation at low frequencies. Here, good noise reduction is instead achieved by the use of patented (pending), advanced silencer technology, which will become public in the future. The outer shape of the Retrofit Urea-SCR silencer is seen in Figure 2 . The dimensions of the silencer are Ø 450 mm and length 700mm.
The urea solution is atomized with air and injected 1000 mm upstream of a diffuser, which accomplishes a good flow and urea distribution over the catalyst. The diffuser is a patented (pending) construction, which improves the silencing performance of the reactor [8] . The flow distribution over the catalyst is controlled by CFD calculations. Figure 3 shows calculated flow vectors over the diffusing element and in the reactor where the catalyst is situated. Two sets of zones of circulating flow are formed behind the diffuser and contribute to achieve a good urea distribution before the catalyst and also a good flow distribution over the catalyst. Figure 3 . CFD model of the exhaust gas flow at the inlet of the silencer.
Catalyst
OEM SILENCER DESIGN -The design targets for the catalytic silencer design were:
• A catalytic-silencer which could replace the original silencer using the same space.
• Having the same or better sound attenuation compared to the original silencer.
• No increase in pressure drop compared to the original silencer.
• Evenly distributed exhaust gas flow over the catalyst.
• Short distance between injection of urea solution and the catalyst in order to avoid precipitation.
• Good distribution of the urea solution over the catalyst.
The concept was firstly evaluated using CFD calculations and a much effort was put into the design of the inlet of catalyst. The design goal for the flow mal-distribution was a maximum deviation of 10% at maximum flow. Table 1 shows the flow distribution of different engine loads; idle, part and full load. The maximum maldistribution was calculated to be 8.9% at full load and at a gas flow of 10.6 m/s.
The outer shell of the silencer is seen in Figure 4 . The dimensions of the silencer are 550 x 550 x 850 mm . Figure 5 . 
Exhaust

Figure 7. Schematic of test cell
The engines were in all cases connected to an electric dynamometer enabling the engines to be operated in transient test cycles.
A NOx analyser, Ecco Physics 700 EL ht chemiluminescense measured NOx, a Thermo-FID measured HC, a BINOS 100 IR measured CO and CO 2 and an Oxynos 100 measured for O 2 . A multi-component GASMET FTIR analyser was used in parallel with the other instruments and measured for NO, NO 2 , NH 3 , N 2 O, CO and CO 2 .
All described analyses could be made up-stream and down-stream the catalytic silencer and all gas measurements were made in raw exhaust.
The massflow in the exhaust was measured by means of a Mass ProBar™, which uses the annubar principle and calculates the massflow by compensating for the temperature variations in the exhaust.
Urea and fuel flow was measured using coriolius massflow meters from Micro Motion.
ETC TEST CYCLE -The transient measurements were made in the newly proposed European transient testcycle, ETC, that recently has been adopted in the EU for certifying engines with after-treatment devices.
The test cycle consists of three different, 600 seconds long parts, see Table 2 . Table 3 . UREA-SCR CATALYST -The catalyst was manufactured as a corrugated ceramic structure. The catalytic material is based on metal oxides like Vanadium and Tungsten. This corrugated catalyst combines a high mechanical strength like the one of wash-coated cordierite with the high low temperature activity of extruded catalysts in which all channel wall material is catalytically active, as in the described catalyst. A picture of the catalyst is seen in Figure 8 . 
RESULTS; OEM SILENCER
FLOW DISTRIBUTION THROUGH CATALYST -The exhaust flow distribution inside the catalyst was measured by applying a set of thermocouples inside the catalyst and by increasing the inlet temperature to the catalyst by increasing engine load. The heating rate was used as a measure of the flow passing through the different parts of the catalyst where thermocouples were mounted. Figure 9 shows that there is an even distribution of the flow in one radial direction. However, a slightly lower flow is seen along the outer wall of the catalyst.
UREA DISTRIBUTION THROUGH CATALYST -The urea distribution was measured by traversing a gassampling probe over the outlet geometry of the catalyst. Urea was injected, while the measurements were carried out. The reduced outlet NOx concentration at a specific position behind the catalyst was used as measure of the amount of urea distributed to the same position. Measurements at 15 different positions gave a picture of the urea distribution over the catalyst. The average concentration from 15 different positions measured was 634 ppm NOx with a standard deviation of 52 ppm. The lowest NOx level measured was 550 and the highest 740 ppm. The concentration downstream the silencer, in the exhaust pipe, was measured to 661 ppm. These results show that the urea distribution was sufficiently distributed over the catalyst. STATIONARY EXPERIMENTS AND CATALYST ACTIVITY MAPPING -The urea injection system used was based on a NOx conversion map, in which torque and engine speed were input variables. In order to create this map the possible NOx conversion without NH 3 slip as a function of torque and engine speed was tested. The mapping was carried out for four different engine speeds, 600, 1000, 1400 and 1800 rpm.
The torque was varied within each of the four different engine speeds, and leading to different exhaust temperatures.
The mapping work was extensive since the urea injection had to be fine-tuned to find the point of breakthrough of NH 3 downstream of the catalyst for different each engine speeds and torque levels. One example of such an experiment is seen in Figure 10 . The points with maximum NOx conversion and without NH 3 slip were chosen and used to create a 3D urea injection map, see Figure 11 , where the x-and y-axis represent engine speed and torque, and the z-axis represents the amount of urea required. This map was then used as a base for the urea-injection even though some parts of it was modified in different ways based on the experience from the transient testing. All measurements of the exhaust gas composition were made in raw exhaust. The conversion efficiencies were calculated by comparing emissions from different transient tests where measurements were made upstream the catalyst to tests with measurements made downstream the catalyst.
The mass emission of each component was calculated from measured concentrations and measured total exhaust flow. Corrections were made to compensate for time lag in the exhaust gas sample system.
One first example of the conversion efficiency of such a system is shown in Figure 13 , were the NOx conversion was measured to be 77%. The measured NH 3 slip was less than 10% of the NOx on the outlet based on molar flows. By increasing the urea overall injection of urea by 12% the conversion efficiency was increased to 82% still with a low NH 3 slip se figure 14. Figure 15 shows a case when urea is over-injected to provoke a larger slip of NH 3 . This led to a NOx conversion of 87% giving an ammonia slip now measured to about half the outlet NOx emission. The second run shows 89% conversion with a urea injection of 803 g. It is seen in the figure that in the second, hot cycle, there is a substantial reduction of the NOx emissions in the beginning of the cycle. This higher activity is, not only, due to a higher start temperature of the catalyst, when the cycle is continued, but also due to a surface coverage of NH 3 on the surface at the start of the cycle. Figure 17 also illustrates that it is possible to achieve NOx conversion up to 80% on an Euro II engine with a reasonable ammonia slip in the range of 10 to 15 ppm. Injection of more urea lowers the NOx emissions on the expense of a higher NH 3 slip, which should be eliminated by a subsequent oxidation catalyst. This is achieved by using a single NOx conversion map, described above. Lower NOx emissions without increase in NH 3 slip can be reached by using a more sophisticated urea injection control strategy [9] . PRESSURE DROP -The pressure drop (dP) over the OEM Urea-SCR silencer was 20% lower than the dP over the original standard silencer of the engine type, se Figure 18 . This low dP over the Urea-SCR-silencer was achieved by careful elaboration and computerized flow modeling of all flow conditions in the Urea-SCR silencer. SILENCING PERFORMANCE -The differences in silencing performance between the Urea-SCR silencer and the original standard silencer is seen Figure 19 . The standard silencer is seen as the zero level. The sound measurements were done via a microphone inside an expanded part of the exhaust system.
The OEM Urea-SCR silencer attenuates 0-4 dB better than the standard original silencer up to 125 Hz. The attenuation is 2 dB lower up to 1100 Hz. Between 1100 and 2500 HZ the attenuation is 6 dB lower than the original. This might be due to some flow-induced regenerated noise. When evaluating the differences in silencing performance one should bear in mind that in general it is more difficult to obtain good attenuation at lower frequencies, and that at high frequencies exhaust noise is usually outweighed by other noise sources of a vehicle. 
RESULTS; UREA-SCR RETROFIT SYSTEM
DEVELOPMENT OF UREA INJECTION STRATEGIES BASED ON REAL TIME CALCULATIONS -The retrofit injection control system is as described above based on real time kinetic calculations using readings from different sensors as input and not based on engine or urea injection maps. This injection control systems also includes a more sophisticated injection control strategy in order keep a high degree of NOx conversion and at the same time minimize slips of ammonia. The more advanced injection control strategy uses both calculated NOx conversions together with event-based calculations.
In Figure 20 below, the results from two sets of transients are shown where the maximum allowed NOx conversion was set to be 80%. In the first case with a simple urea injection strategy, using NOx conversion calculations solely (referred to as simple) and in the second the more sophisticated strategy as described above (referred to as advanced). The conversion efficiency and the amount of urea injected were almost identical for the two different tests, see Table 4 . However, the ammonia slip was only one forth using the advanced strategy compared to the simple one. At the same time the NOx conversion efficiency was improved by 3% using the advanced strategy compared to the simple one, indicating a better use of the injected urea. Figure 20 shows the ammonia molar flow as a function of time for the two cases above. The test using the simple strategy showed ammonia slip peaks in the range of 1.6 mmole/s, corresponding to about 40 ppm, while the test with advanced strategy gave no high peaks of ammonia slip. In the figure ammonia emission is given as mole/s. As a comparison the engine emits about 4.6 moles of NOx during the whole ETC test cycle, which gives an average NOx molar flow of 118 mmole/s. The inlet and the outlet NOx flow from another experiment with the advanced injection strategy above are shown in Figure 21 . It is seen that the conversion efficiency is low in the beginning of the test cycle. The exhaust temperature upstream the catalyst was conditioned to be 100°C before starting the ETC tests. The urea injection was not started until the exhaust temperature exceeded 200°C, leading the fact that no urea was injected under the first 150 seconds. The overall NOx conversion was 84%. The NOx emission downstream the Urea-SCR silencer was 1.3 g/kWh and the NH 3 emission 0,03 g/kWh. shows that it was possible to obtain NOx conversions of up to 85% with ammonia slips that can be regarded as zero. It should be pointed out that these experiments were conducted with a "cold start", meaning an inlet exhaust start temperature of 100°C. It can also be seen that for some experiments with the same mass urea injected, different ammonia slips were measured. This variation is related to different injection strategies, giving varying ammonia slip. The amount of diesel fuel consumed during a test cycle was 5.7 kg giving a relative urea consumption of 5 to about 8% of the fuel consumption in terms of weight. TESTS AT MTC -A verifying function test of the complete Urea-SCR system was conducted at MTC in Sweden. Table 5 includes the values of the emission standard in force from 1999 and the emission standard with effect as from 2002 for off road engines. It also includes a measurement of the emissions at Volvo on the engine used in this work. Finally, it includes a measurement of the engine base emissions at MTC using the ISO 8178 C1 cycle. The lower NOx and particulate emissions in the MTC test can be explained by differences in the fuel used; low sulfur and low aromatic give less NOx and particulate. ISO 8187 C1 test. -Three ISO 8178 tests with and three without the Urea-SCR system were carried out and the average results from these tests are presented in Table  6 . From these tests it was concluded that the Urea-SCR system is able to reduce 77% of the NOx emissions. The system also reduces HC emissions by 87% and PM emissions by 27%, while CO was increased by 30%.
These tests proved that the Urea-SCR system has potential to reduce regulated emissions and enabling a EU Stage I engine combined with a Urea-SCR system to comply with the future EU Stage II emission standard for off road engines, with effect as from 2002. 
ETC-test -The urea injection system was tuned to give various levels of NOx reduction in the different ETC tests. The first results given in Table 7 are from a transient test where the injection system was set to give a high degree of NOx reduction with a minimum slip of NH 3 . In these tests the Urea-SCR system was active and in use also in a period of preconditioning of the engine before the actual test. This start procedure made the temperature in the SCR reactor more favorable for NOxreduction and at the same time the catalyst also had a pre-adsorbed urea/ammonia layer making the catalyst active from the very beginning of the test cycle. Under these conditions 88% of NOx and 83% of HC were reduced, while CO was slightly increased by 7%. There was no significant increase in fuel consumption over the test-cycle w. or w/o. the Urea-SCR system. The potential NOx reduction efficiency of the Urea-SCR system was tested in a ETC cycle by overdosing urea relatively to NOx, se Table 8 . This measure led to an almost complete reduction of NOx. The reading in mass NOx was 0.02 g/kWh when the Urea-SCR system was used, and this is far beyond the NOx limit of 0.2 to 0.5 g/kWh suggested by EPA for year 2007 in USA. SI-MS measurement of NH 3 downstream the catalyst gave an ammonia slip of about 100 ppm in average throughout the test cycle. It will not be possible to control this kind of ammonia slip originating from such high level of NOx conversion by using an injection strategy solely, an ammonia oxidation catalyst downstream the Urea-SCR catalyst will also be required.
The HC conversion was 76%, which is slightly lower than that obtained in the test shown in Table 7 . The explanation is that HC and NH 3 compete over the active sites on the catalyst surface. A higher partial pressure of ammonia (urea) gives a higher degree of ammonia surface coverage leading to fewer sites for hydrocarbons to adsorb and react.
One remarkable result was the high particulate reduction of 52%. This high PM reduction was controlled by four tests with the Urea-SCR system and three tests without. The average reduction in these tests turned out to be 53%, in good agreement with the results shown in Table  6 . 
CONCLUSION
The OEM Urea-SCR silencer project has achieved 5 out of 6 design targets. The space requirement target was not reached, as the silencer is 250 mm longer than the original.
The sound level is reduced at lower frequencies, where acoustic performance is of particular importance. The pressure drop is lower than with a standard silencer, which is remarkable in that both urea injection/mixture and flow across the catalyst are processes, which per se cause pressure drop. The described Urea-SCR technology has been proven to be efficient in reducing not only NOx but also HC and PM emissions under both stationary and transient conditions.
